A broadly applicable asymmetric synthetic strategy utilizing N-amino cyclic carbamate alkylation that provides access to the various stereochemical permutations of a common structural motif found in many polycyclic polyprenylated acylphloroglucinols is described. The utility of this methodology is demonstrated through the first asymmetric total synthesis of the antiviral agent (+)-clusianone.
The polycyclic polyprenylated acylphloroglucinols (PPAPs) are a large and remarkably interesting class of natural products.
1 Not only do these compounds exhibit wideranging biological activity but also they possess intriguing structures. Consequently, they have attracted considerable interest from the synthetic community, and a number of PPAPs have now been synthesized using a variety of innovative approaches.
2 Despite the impressive advances resulting from this work, only a small number of syntheses have been conducted in an asymmetric fashion.
2e,i,3 We recently described a new method for the asymmetric R-alkylation of ketones based on the use of chiral N-amino cyclic carbamate (ACC) auxiliaries. 4 In what follows, we outline a general asymmetric synthetic strategy utilizing this alkylation method that provides access to the various stereochemical permutations of a common structural motif found in many PPAPs. The synthetic potential of the resulting intermediates is highlighted by the first asymmetric total synthesis of the antiviral 5,6 agent (+)-clusianone (Scheme 1).
(1) Ciochina, R.; Grossman, R. Presently, well over 100 PPAPs are known.
1 They are categorized as type A, B, and C, depending on the position of the benzoyl moiety ( Figure 1a) ; 1,7 (+)-clusianone is a type B system. The 2,3,3,4-tetrasubstituted cyclohexanone scaffold is a common structural motif that is shared by the majority of all known PPAPs. 1 In these systems, the 2-and 4-positions are always stereogenic, and the 3-position is either dimethylated or substituted with a methyl and a homoprenyl group and, therefore, also stereogenic. With regard to absolute configuration, the naturally occurring substitution patterns 1 are shown in Figure 1b . We reasoned that if a general asymmetric synthesis of the 2,3,3,4-tetrasubstituted cyclohexanone core was available that provided access to these naturally occurring stereochemical patterns then it could provide the basis for the asymmetric total synthesis of a substantial proportion of all PAPPs.
We recently described the use of chiral N-amino cyclic carbamate (ACC) auxiliaries for the asymmetric R-alkylation of ketones (Scheme 2).
4 ACC auxiliaries react readily with ketones to afford the corresponding hydrazones (8 f 9).
These undergo rapid deprotonation to the azaenolates, which alkylate on up to a multigram scale with excellent stereoselectivity and yield (9 f 10). Moreover, the auxiliaries can be recovered quantitatively and recycled (10 f 11 + H 2 NY). It occurred to us that this alkylation procedure could provide the basis for an efficient and general asymmetric approach to the desired 2,3,3,4-tetrasubstituted cyclohexanone core and thus open the door to the asymmetric total synthesis of a range of PPAPs.
The synthetic strategy that we envisioned is shown in Scheme 3. A 2-substituted cyclohexenone 14 8 would serve as the substrate for enantioselective ACC alkylation, ultimately giving enone 15. Grignard addition would then be used to install the C3 methyl group (15 f 16), which would be followed by a Babler-Dauben oxidation 9 producing transposed enone 17. At this point, the cyclohexenone would undergo either methyl cuprate addition to produce the C3 gem-dimethyl moiety or diastereoselective 1,4-addition 10 using a homoprenyl cuprate to secure the C3 stereocenter (17 f 18). We began our studies by preparing enone 1 using a combination of literature procedures (Scheme 4).
2c,8a Thus, 1,3-cyclohexadione (19) was prenylated, and the product was subsequently treated with oxalyl chloride to generate -chloro enone 21. Metallic reduction (21 f 1) gave the desired enone substrate for the ACC alkylation sequence. 4 On the basis of our previous success with auxiliary 13 in various alkylations, 4 hydrazone 22 was prepared. It was then alkylated in excellent yield by treatment with LDA and prenyl bromide (22 f 23). The auxiliary was removed from the alkylated product (23 f 2) by treatment with p-TsOH·H 2 O in acetone/H 2 O, which gave the desired ketone with excellent overall asymmetric induction (er ) 98:2).
11,12 The (S)-configuration at the new stereogenic center was inferred by analogy to our previous studies. 4 With ketone 1 in hand, we also tested the alkylation using the phenylalanine-based auxiliary 12. To our surprise, unlike our previous experience with acyclic ketones, 4 the enantioselectivity (er ) 99:1) 11,12 of the alkylation was even better in this case than it was when auxiliary 13 was used. 13 The stereochemical outcome of this reaction was deduced by comparison to the methylation of the corresponding 2-methylcyclohexenone-derived ACC hydrazone, for which a crystal structure of the product was obtained.
14 With a reliable route to advanced ketone 2 secured, we initiated the proposed methylation/carbonyl transposition sequence. To do this, 2 was treated with MeMgBr, forming tertiary allylic alcohol 26 as a mixture of diastereomers (Scheme 5). These were used without separation in a Babler-Dauben oxidation 9 to produce enone 27. Compound 27 is common to the preparation of the different PPAP motifs shown in Figure  1 and marks a divergence point in the synthetic strategy. As such, to access the gem-dimethyl function (cf. 5), the Simpkins conjugate addition protocol 2d was employed, which provided smooth access to 28. Silyl enol ether 28 could be readily hydrolyzed to give ketone 29 as a mixture of diastereomers. Separately, the -homoprenyl substituent was installed in an analogous fashion using a homoprenyl Grignard reagent. 15 We were pleased to find that this transformation proceeded with excellent diastereoselectivity, with 30 being the only conjugate addition product detected. 16 In this case, however, the silyl enol ether function was not sufficiently stable to silica gel 17 chromatography to give a high yield of pure 30, so we chose to hydrolyze it directly to ketones 31. The relative configuration between the C3 and C4 substituents was confirmed by X-ray crystallography of the p-tolyl-N-sulfonyl hydrazone derivative of the 2-diastereomer of 31. 14 Satisfied that we had established a suitably general approach to the key PPAP motifs identified above (see Figure 1) , we undertook the extension of this strategy to the first asymmetric total synthesis of (+)-clusianone.
3 (+)-Clusianone has been shown to possess antiviral activity against both HIV (EC 50 ) 0.020 ( 0.003 µM) 5 and Epstein-Barr virus (17.4 ( 1.2% of cells were EBV-EA positive in the presence of 32 nmol of 3).
6
As such, it is a compelling target for further biological investigation as an antiviral agent.
Our initial approach to (+)-clusianone utilized silyl enol ether 28. Inspired by work from the Stoltz laboratory, 18 we intended (15) Ohloff, G.; Giersch, W.; Decorzant, R.; Buechi, G. HelV. Chim. Acta 1980 , 63, 1589 -1597 (16) Small amounts (<10%) of the 1,2-addition products were also produced.
(17) Pre-treated with 1:1:98 Et 3 N-EtOAc-hexanes. 19 to access the bicyclic framework of 32 diastereoselectively (Scheme 6).
Unfortunately, our attempts to effect this transformation were uniformly unsuccessful. We therefore utilized an alternative strategy for the remaining transformations developed by Simpkins in his synthesis of racemic clusianone, 2d which instead employed methyl enol ethers 33 and 34 for the Effenberger cyclization. The enol ethers were readily prepared as outlined in Scheme 7 and indeed underwent the intended cyclization.
Careful acid/base extraction was required to separate the desired product (32) from 29, and the latter was able to be recycled to produce more of 33 and 34. Methylation of crude cyclized product 32 gave 35 in 30% yield over the two steps (71% based on recovered 29). Next, 35 was subjected to bridgehead prenylation, which gave 36 in excellent yield. Subsequent addition of the benzoyl group (36 f 37), followed by methyl enol ether hydrolysis (37 f 3), gave (+)-clusianone.
To determine the enantiomeric purity of our synthetic material, the above synthetic sequence was carried out in a racemic fashion to the stage of the penultimate compound. Thus, enone 1 was subjected to LDA-mediated prenylation, producing (()-2 (Scheme 8). This compound was then subjected to the transformations developed above to give (()-37. Conditions were then established that gave baseline resolution of the enantiomers of (()-37 by chiral HPLC. Subsequent analysis of our synthetic 37 revealed an er ) 99:1.
14
In conclusion, we have developed an effective synthetic strategy that provides access to the 2,3,3,4-tetrasubstituted cyclohexanone scaffold, a common structural motif that is shared by the majority of the over 100 known PPAPs. A key transformation of this synthetic sequence is a highly enantioselective (er ) 99:1) ketone R-alkylation sequence, which is achieved using our recently developed ACC alkylation method. 4 Subsequent methylation and carbonyl transposition produces the key advanced intermediate 27, for either methylation or diastereoselective homoprenylation, thus securing the 2,3,3,4-tetrasubstituted cyclohexanone core. To demonstrate the utility of this strategy for the synthesis of PPAPs, the first asymmetric total synthesis of (+)-clusianone 3 was conducted, taking advantage of late-stage transformations developed by Simpkins in his synthesis of racemic clusianone.
2d Further investigations are underway on the asymmetric total synthesis of other PPAPs using this general strategy.
